In this paper, a downlink non-orthogonal multiple access (NOMA) system with partial channel state information (CSI) in mobile scenarios is considered. In this case, the channel gain of each user will vary as its position changes, which has an influence on spectrum efficiency of conventional NOMA. An analytical framework is developed to evaluate the impact of estimated position deviation in terms of decoding order error probability and average sum rate performance. To further improve the system performance, a novel NOMA scheme based on position filtering is proposed. Monte Carlo simulation is also provided to demonstrate the improvement of spectrum efficiency compared with conventional NOMA and OMA schemes. And the results verify the accuracy of proposed analytical framework.
output (MIMO) techniques to NOMA has been considered in [7] . Most of the existing works in the open literatures about NOMA are under the assumption that both the BS and the users can obtain perfect knowledge of channel gains. However, this assumption might not be realistic since the amplitudes and the phases of the channel coefficients vary rapidly in a fast time varying situation. Thus like previous works [8] [9] [10] , we focus on NOMA with partial channel information.
This paper considers a downlink single-cell NOMA network. Different from [8] [9] [10] where the position and path loss of each user is fixed, we concentrate on mobile scenarios. As a result, the path loss of each user is changing constantly. We adopt a new metric, called decoding order error probability, to evaluate the effect of positioning deviation. For the most practical case of two-node pairing case, the analytical framework of the error probability and average sum rate performance is proposed. Based on the results, we propose a novel NOMA scheme based on position filtering in mobile scenarios to further improve the spectrum efficiency. The scheme includes two algorithms. In detail, the BS applies a Kalman Filter [11] to track the movement of each user. A power allocation strategy is implemented at the BS and SIC decoding is carried out at the side of receivers according to the estimation results. This algorithm is named position-tracking based NOMA. Furthermore, position observation is not always available in some situations. Thus we present another algorithm called position-prediction based NOMA. This algorithm has led to a trade-off between system performance and communication overhead. By comparing to OMA and conventional NOMA, the novel NOMA scheme shows superior performance to the benchmarks. Additionally, position-prediction based NOMA can still achieve a great performance gain with relatively low network overhead.
II. SYSTEM MODEL
In this paper, we focus on a single-cell downlink NOMA system in a mobile scenario. The network consists of one BS and M users U i (i = 1, 2, . . . , M ) where the BS and all the users are equipped with a single antenna. It is assumed that the BS is located at the origin of a two-dimensional Euclidean plane, expressed as R 2 . At the beginning, users are deployed randomly and the distance between the BS and U i is denoted by d i (i = 1, 2, . . . , M ). Similar to [9] , [12] , the original locations of users are modeled as homogeneous Poisson point process (HPPP) with density λ a . In particular, they are uniformly distributed in the disk D with radius R D . The number of users M follows a Poisson distribution with Pr (M = k) = µ k /k! e −µ , where µ = πR 2 D λ a is the average number of users. After that, they are assumed to move casually around the BS. It is worthy to point out that the zone that users can reach is not restricted to the disc D. More details about mobility models will be described in Section IV. We assume that the BS always has messages to transmit to each user and the total transmission power is equal to P . For the channel model, all wireless channels in the network are assumed to be independent and identically distributed (i.i.d) and quasi-static fading, i.e. the channel gain remains constant for a given coherence time and varies independently from one to another. A composite channel model is considered, which consists of large-scale path loss and small-scale fading. Thus the channel coefficient between user U i and the base station can be denoted by r i = h i d −α/2 i , where h i ∼ CN (0, 1) and α is the path loss exponent. The channel gain can be calculated as
In NOMA, the BS transmits messages to all users simultaneously. Without loss of generality, the distances can be sorted as
The signals of different users are superposed with distinct power according to the principle of superposition coding. As a result, the signal S sent by the BS can be expressed as follows
where S m (m = 1, 2, . . . , M ) denotes the signal of the user U m , α m is power allocation factor subject to M m=1 α m = 1. At the side of receivers, the signal received by user U m can be formulated as
where n m denotes the Gaussian noise of user U m . And the noise is assumed to be normalized with zero mean and variance σ 2 n , i.e., n m ∼ CN 0, σ 2 n . Based on (2), if SIC is carried out by user m, U m has to detect the messages of U l (m + 1 ≤ l ≤ M ) successfully before detecting its own message. In other words, U m has to decode the message of U M first. And if the message of U M is decoded successfully, the signal will be removed from the received composite signal, step by step until U m can detect its own message. Under the assumption of perfect channel estimation at receivers, the achievable rate for U m to detect the signal S l is shown as follows
where a l−1 = l−1 k=1 α k , a 0 = 0, and ρ = P σ 2 n denotes the transmit SNR.
It should be noted that as for two different users U i and U j , we have the following property for achievable rate if |r i | 2 ≥ |r j | 2 .
Similarly, if |r i | 2 ≤ |r j | 2 , vice versa. In other words, the achievable rate of a signal is restricted by the user with the poorest channel condition, who needs to detect it 1 . Furthermore, the average sum rate is used as a performance criteria for the case when the transmitted data rates are determined according to real-time channel conditions. Assuming that user U m always decodes the signals S l (m + 1 ≤ l ≤ M ) correctly in NOMA with partial channel information, the sum rate of the system can be expressed as follows
III. POSITION ESTIMATION AND PERFORMANCE ANALYSIS
In this section, the effect of the position information on the system performance is considered. The distance information of user U i obtained by the BS can be denoted byd i . For mathematical tractability, we consider the case where the BS schedules two users to transmit messages like [4] . Two users are selected to be paired for implementation of NOMA. Without loss of generality, it is assumed that U 1 and U 2 are paired and d 1 < d 2 . Besides, suppose that the estimated position deviations of axis-x and axis-y in the Cartesian coordinate are subject to a Gaussian distribution with zero mean and variance σ 2 ob . The results of position estimation will lead to a distinct decoding process and system performance, which can be seen from the analysis and simulation results below.
In this article, we adopt a new metric to evaluate the impact of distance deviation, which is named decoding order error probability. It is defined as the probability that the decoding order is not optimal 2 , which is due to incomplete channel information and estimation deviation.
In the fading-free scenario, the decoding order error probability of NOMA with partial channel information for the two pairing users with fixed locations can be expressed as follows
Proof: Please refer to Appendix A in [13] . Remark 1: Lemma 1 indicates that the error probability P e can be expressed as a weighted summation of several I i,j , whose weight coefficients are the probabilities of Poisson distribution. Note that the term I i,j is just a function of the series' indices, i.e., i and j, which means it simplifies the calculation. Furthermore, it can be approximated as a finite sum of finite terms due to the convergence property. And the results of (6) can also be used to calculate the average sum rate performance of NOMA for analytical tractability.
Remark 2: As shown in Lemma 1, the decoding order error probability of the fading-free scenario is affected by the distances of users and positioning deviation. Intuitively, as the difference between the two distances gets smaller or positioning deviation gets larger, the error probability P e becomes higher and deteriorates the performance of NOMA. Although we can not always ensure that the composite channel gains are dominated by distance in Rayleigh channels, the near users are more likely to have better channel conditions. More specifically, the analytical framework of the NOMA in Rayleigh channels is shown as follows.
Corollary 1. As for NOMA with partial CSI for the two pairing users with fixed locations, the decoding order error probability is expressed as
And the average sum rate performance can be calculated as follows
Where
denotes an exponential integral. The probability P 1 e has been calculated in Lemma 1. Proof: Recall that the distances of the two users have d 1 < d 2 . However, the result of distance estimation can lead to a different power allocation and detection process. To make it clearer, we show the decoding process and the signals that restrict the achievable rate (marked as boldface) in table I. 
Recall the optimal user order proposed in [5] . It's preferable to detect the signals of the weak users firstly. And from the table I, one can observe that the detection order error event occurs in the first two cases. Let P k (k = 1, . . . , 4) denotes the probability of each case. Due to the independence of channels and measurement, the error probability is given by
Let D = d 2 2 /d 2 1 . With some algebraic manipulations, the probability term in (9) is calculated as
By substituting (10) into (9), the first part of the corollary is proved.
In addition, the average sum rate can be expressed as
Where C k denotes the sum rate of each case. The key to obtain the average sum rate R I sum in (11) is to calculate the conditional expectation in each situation. Let random variable X k = |r k | 2 (k = 1, 2), and the first conditional expectation is calculated as follows
Recall the following result
Define ϕ (n, φ) = − λn λ ln 2 e λ φ Ei − λ φ and ϕ (n, φ) = − 1 ln 2 e λ φ Ei − λn φ . By substituting (10) and (13) into (12), we have
Similar to (14) , we can obtain other conditional expectations as follows
With similar method like (9) and (10), the probability P k is obtained. And by substituting the result of P k , (14), (15), (16) and (17) into (11), the lemma has been proved.
Remark 3:
The decoding order error probability and sum rate performance of NOMA are given in Corollary 1. The result indicates that the decoding order error event may still occur even without any positioning deviation. This is due to the incomplete CSI. Besides, one can observe that the first two terms of the sum rate formula is constant while the sum of the other terms is a weighted summation. Note that the channel of user U 1 is more likely to be better than that of U 2 . As a result, the decoding order error will lead to degradation of the NOMA sum rate performance.
In this section, we have analyzed the impact of positioning deviation and sum rate performance when only partial CSI is available. Inaccurate distance estimation may make the SIC strategy suboptimal. Our analysis is based on two-user pairs while it becomes intractable for the multiuser case. Simulation results of the impact on spectrum efficiency are given in section V when the number of users is random. Based on this, we propose a novel NOMA scheme based on position filtering in the next section, where the actions of users are traceable and this knowledge can be exploited to improve the system performance.
IV. POSITION FILTERING BASED NOMA SCHEME
In this section, we propose a novel scheme of position filtering based NOMA in mobile scenarios. Consider the single-cell network described in Section II, the users can move casually around the base station. And the BS can obtain partial CSI with some positioning methods like GPS, then transmits different messages to all users simultaneously with these knowledge.
A. User Mobile Model
In this paper, the motion of users are described by a velocity sensor model [14] . This mobile model can be expressed by a continuous-time state-space model. Suppose that the mobile state of a user is defined by a vector
where x (t) and y (k) specify the position at time t in Cartesian coordinate. And v x (t) and v y (t) denote the velocity in x-axis and y-axis respectively. Thus the distance between the user and the base station can be calculated as
In addition, the velocities can change at any time. The variation can be expressed by a white noise stochastic process vector w (t) and its covariance matrix is denoted byQ.
Where I k denotes a unit matrix of size k. The state transition model is expressed with a linear differential equation aṡ
WhereÃ andB are state-transition matrix and random input matrix respectively, presented as
At time t, a measurement of the state vector is made as
Where H is the observation matrix and is presented as
n (t) is the observation noise which is assumed to be zero mean Gaussian white noise process with covariance matrix R = σ 2 ob I 2 . The model can be transformed into discrete-time state-space model after sampling, which is used for the following digital signal process. Let s k and z k denote the state and measurement vector at instant k respectively. The state-transition matrix and the covariance of the process noise are denoted by A and Q in the discrete domain respectively. Due to the space limitation, please refer to [13] for more detailed model description. Based on this, we propose a novel downlink NOMA scheme with partial CSI in mobile scenarios. The purpose of the scheme is to obtain the optimal distance estimated k in the sense of linear quadratic estimation and improve the system spectrum efficiency. The scheme includes two algorithms, i.e., position-tracking based NOMA and position-prediction based NOMA. They are specified as follows.
B. Position-tracking based NOMA
In position-tracking based NOMA, position observation is required at each slot. The algorithm can be divided to two steps. Firstly, according to the user's state vector, covariance matrix and the measurement data, Kalman filter algorithm is performed to obtain the optimal position estimate. Then the distance information is calculated by substituting the result into (19) . At the side of the BS, power allocation is conducted based on a predefined strategy or the QoS requirement of users. While at the side of receivers, decoding is carried out starting from the signal of the farthest user to that of the nearest user. The detailed algorithm procedure is described in table II.
C. Position-prediction based NOMA
We now consider a more realistic scenario. As we know, transmitting the CSI to the BS may result in a mount of communication overhead and extra transmission delay. And in some scenarios, the position information may not be available at every slot. In the process of position estimation, some knowledge about the motion can be obtained by the BS. And this kind of knowledge can be used to predict users' position in the future. Thus in this case, a practical NOMA scheme with lower communication overhead is proposed while a reliable system performance can also be guaranteed. 
Step 2: At the side of the transmitter, the BS ranks the users according to the estimate distancesd 1 ≤d 2 ≤ . . . ≤d M . Then the transmission power is assigned to each user accordingly. At the side of the receivers, for each user U i let l = M , detect the signal S l that is transmitted to U l 1) If the detection is successful, the interference signal can be removed by SIC. Then let l = l − 1 and step by step until the user detects his own message. 2) If the detection is unsuccessful, the user fails to detect the message he needs. End Following steps similar to position-tracking based NOMA, only the predicted state equation is available at the slots without enough observation data. Thus positioning is not carried out at each slot in position-prediction based NOMA. Due to the space limitation, the detailed algorithm steps are not listed here. More details about the algorithm can be found in [13] . The simulation results are given in section V, which has shown a great performance improvement compared to the conventional schemes.
V. NUMERICAL RESULTS AND SIMULATIONS
In this section, numerical results and Monte Carlo simulations are provided to validate the correctness of our analytical results and evaluate the performance of the proposed novel NOMA scheme. The parameters used in our simulations are set as follows. The sampling interval is set to T = 0.2s and each sample trajectory includes K = 300 sample points, which corresponds to the duration of each independent trial 1min. The radius of the disk D where users are deployed at the beginning is set as R D = 30m. The mobile trajectory of each trial is independent and is simulated as described in section IV. The variance of process noise is σ 2 w = 5. As for channels, the path loss exponent is fixed to α = 2. The smallscale fading is assumed to be Rayleigh fading which means h i ∼ CN (0, 1). And the power allocation factors in NOMA are α k = In Fig. 1 , the impact of estimate deviation on the detection order error probability P e is investigated. As observed from Fig. 1 , the error probability P e increases as deviation becomes larger. This is because the uncertainty of position estimate will cause incorrect user order. It is worthy to point out that the curves reveal distinct properties under different channel models. As for the fading scenario, an error floor can still be observed even with very low estimate deviation. This is because the channel condition of a user is not just determined by the distance to the BS. Incomplete channel information can lead to an incorrect decision on user decoding order. And the approximated analytical results in (6) match with Monte Carlo simulation. 2 demonstrates the influence of estimated position deviation on NOMA average sum rate performance and compare it with OMA scheme. One can observe that the impact of position deviation is similar under different transmission SNR. The average sum rate performance deteriorates when the observation noise variance σ 2 ob is increasing since the higher decoding order error probability P e will reduce the sum rate. Additionally, the comparison with OMA shows that the performance gain of NOMA can still be guaranteed in spite of the existence of estimation error. And the correctness of analytical result in (8) In Fig. 3 , we show the simulation results for sum rate performance of position-tracking based NOMA in mobile scenarios as the algorithm described in II. As we can see, the sum rate performance of the proposed NOMA scheme is close to that with perfect position knowledge, which is the upper bound of NOMA with partial channel information. On the contrary, the performance of NOMA with users sorted randomly, which is the lower boundary of NOMA, is almost the same with OMA when the SNR is high. And the average sum rate of NOMA is superior to the OMA scheme in the medium to high SNR regions since the bandwidth resources in NOMA systems is shared by multiple users. However, the interference signals may be not able to be removed and several users cannot detect their messages correctly in the very low SNR regions. This issue can be solved by more advanced power allocation strategy which is an interesting research topic in the future. Fig. 4 illustrates the simulation results for sum rate performance of position-prediction based NOMA. In our simulation setting, the slots in which the BS has access to observation data only account for about 25% in all transmission slots. As shown from the result, one can observe our proposed NOMA scheme with incomplete observation data still obtain an excellent sum rate performance. And in the meantime the communication overhead used to feedback channel information is largely reduced at the cost of negligible performance degradation. In other words, this scheme results in a trade-off between system performance and complexity. And as expected, the performance of our scheme is still superior to the OMA.
VI. CONCLUSION
In this paper, a position filtering-based NOMA scheme in mobile scenarios has been proposed. This scheme consists of two algorithms, i.e., position-tracking based NOMA and position-prediction based NOMA. The impact of estimated position deviation has been investigated and the simulation results validate the correctness of our analytical results. By comparing our scheme to the conventional NOMA and OMA schemes, the spectrum efficiency performance improvement can be observed from the Monte Carlo simulation results.
